As part of a larger effort to provide proof-of-concept in vitro-only risk assessments, we have developed a suite of high-throughput assays for key readouts in the p53 DNA damage response toxicity pathway: double-strand break DNA damage (p-H2AX), permanent chromosomal damage (micronuclei), p53 activation, p53 transcriptional activity, and cell fate (cell cycle arrest, apoptosis, micronuclei). Dose-response studies were performed with these protein and cell fate assays, together with whole genome transcriptomics, for three prototype chemicals: etoposide, quercetin, and methyl methanesulfonate. Data were collected in a human cell line expressing wild-type p53 (HT1080) and results were confirmed in a second p53 competent cell line (HCT 116). At chemical concentrations causing similar increases in p53 protein expression, p53-mediated protein expression and cellular processes showed substantial chemical-specific differences. These chemical-specific differences in the p53 transcriptional response appear to be determined by augmentation of the p53 response by co-regulators. More importantly, dose-response data for each of the chemicals indicate that the p53 transcriptional response does not prevent micronuclei induction at low concentrations. In fact, the no observed effect levels and benchmark doses for micronuclei induction were less than or equal to those for p53-mediated gene transcription regardless of the test chemical, indicating that p53's post-translational responses may be more important than transcriptional activation in the response to low dose DNA damage. This effort demonstrates the process of defining key assays required for a pathway-based, in vitro-only risk assessment, using the p53-mediated DNA damage response pathway as a prototype.
. These efforts aim to reduce animal testing, increase the number of chemicals for which toxicity data are available, and reduce costs of chemical risk assessment by prescreening compounds with high-throughput assays and prioritizing high activity compounds for further testing in animals. By and large, these efforts still require animal testing for risk assessments. In contrast, the NRC recommended elimination of animal testing based on the clear evidence that high dose animal testing does not provide the necessary information for predicting human response to low dose chemical exposure.
Our goal is to develop in vitro-only risk assessments for several prototype toxicity pathways. The process requires the development of "fit-for-purpose" in vitro assays to examine cellular pathway responses Boekelheide and Andersen, 2010) . These assays should give multiple readouts that span modulatory, homeostatic, and adverse responses and provide data that can be used to create computational systems biology pathway models (Zhang et al., 2010) . These computational models would provide mechanistic understanding of the shape of dose-response curves, support low dose extrapolation from in vitro test results (Bhattacharya et al., 2011) , and predict regions of safety for human exposure without resorting to in-life animal assays.
The first step in this process is identification and development of appropriate in vitro assays for a specific toxicity pathway. This paper describes the first steps in defining the key readouts for the p53-mediated DNA damage response pathway and the development and implementation of several assays with prototype DNA damaging chemicals. Initial studies were performed in a human fibrosarcoma cell line (HT1080) expressing wild-type p53, and a second p53 competent human cell line (HCT 116) was used to confirm the HT1080 results. Three chemicals that induce different types of DNA damage were used to probe the cellular response: etoposide, methyl methanesulfonate, and quercetin. Etoposide is a topoisomerase II inhibitor, which forms a complex with DNA and topo II and prevents religation of double-strand breaks (Burden and Osheroff, 1998) . Methyl methanesulfonate is an alkylating agent that methylates DNA bases (primarily adenine and guanine). Misrepair of these methylated bases leads to single-strand breaks and double-strand breaks Nikolova et al., 2010; Wyatt and Pittman, 2006) . Quercetin is a flavonoid that has been shown to act as an anti-oxidant at low doses and a pro-oxidant at higher doses (Min and Ebeler, 2008) . Quercetin is able to cause DNA damage through formation of oxidative adducts, which leads to single-and double-strand breaks through misrepair, and has also been shown to act as a topoisomerase II inhibitor at higher doses (Cantero et al., 2006) .
Our goal was to start from first principles to demonstrate the process of defining key assays required for a pathway-based, in vitro-only risk assessment, using the p53-mediated DNA damage response pathway as the prototype. Although p53-independent processes can also affect cell fate (Bouska and Eischen, 2009; Yu and Zhang, 2009 ), this manuscript focuses on the p53-mediated DNA damage response. p53 is vital to prevention of fixed mutation and carcinogenicity (Hollstein et al., 1991) . p53 protein is activated in response to DNA damage through post-translational modification (phosphorylation). Initial activation of p53 appears to be determined by the type of DNA damage (single-and double-strand breaks, oxidative damage, etc.) and the activating protein kinases. Activated p53 functions as a recruitment factor for nuclear DNA repair enzymes and as a transcription factor (Fig. 1) . It transcriptionally regulates key DNA damage response proteins that induce cell cycle arrest, DNA repair, and apoptosis in mammalian cells (Arias-Lopez et al., 2006; Barak et al., 1993;  FIG. 1. Post-translational and transcriptional activities of p53 in response to DNA damage. ATM: ataxia telangiectasia mutated kinase. ATR: ataxia telangiectasia and Rad3-related protein kinase. Chk1: Chek 1 kinase. Chk2: Chek 2 kinase. pH2AX: phosphorylated histone 2AX. The unnamed oval represents repair proteins that are recruited to the sites of DNA damage. The specific repair proteins that are recruited are dependent upon the type of DNA damage. The small circle indicates phosphorylation, which leads to protein activation.
FIG. 2.
Key elements in p53-mediated DNA damage response. Figure adapted from Loewer et al. (2010) . ATM: ataxia telangiectasia mutated kinase. ATR: ataxia telangiectasia and Rad3-related protein kinase. DNA-PK: DNA-dependent protein kinase. MAPK: mitogen-activated protein kinases. Wip1: wild-type p53-induced phosphatase. MDM2: mouse double minute protein 2 homolog. Chen and Sadowski, 2005; El-Deiry et al., 1993; Harper et al., 1993; Miyashita and Reed, 1995; Oda and Arakawa, 2000; Thornborrow et al., 2002) .
Although the response of p53 to DNA damage is multifactorial and involves many proteins, the key regulators have been described based on studies with ultraviolet (UV) and gamma irradiation (Batchelor et al., 2011; Lahav et al., 2004; Loewer et al., 2010; Purvis et al., 2012) . Based on this understanding of the p53 pathway, we identified five main assay endpoints: DNA damage, p53 activation, p53 mediator proteins, cellular outcome, and permanent mutation, i.e., genotoxic outcome (Fig. 2 ). Assays were developed for each endpoint and response was measured over a wide of range of concentrations for the prototype chemicals. The resulting dose-response data were used to (1) map the p53 response network for each chemical and (2) evaluate the dose-response curves for each of the measured biomarkers. The purpose of collecting the in-depth dose-response data was to assess the conditions under which cellular response may prevent a net increase in heritable muta-tion (adaptive response) and conditions at which perturbations of DNA structure are expected to propagate into fixed mutations in the genome and provide altered cells with the potential for autonomous growth (adverse outcome). Identifying this transition from the condition where DNA-repair processes can control any induced damage to one where there are sufficiently large degrees of damage leading to mutations is a key step in assessing adversity at the cellular level for DNA-reactive compounds (Boekelheide and Andersen, 2010) . Cell culture. HT1080 cells were purchased from the American Type Culture Collection (ATCC). The cells were grown under the conditions recommended by ATCC: Eagle's Minimum Essential medium (ATCC (Manassas, VA)) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA), 100-mg/l streptomycin, and 100 U/ml of penicillin G (Invitrogen) at 37
MATERIALS AND METHODS

Reagents
• C in a humidified atmosphere of 95% air and 5% CO 2 . HT1080 cells used in all experiments were passage number 30 or lower. The doubling time was approximately 16 h under these conditions. Cells were grown in 12-well plates for immunoblot analysis, 24-well plates for gene array studies, and 96-well plates for high-throughput flow cytometry or high content imaging studies.
Chemical treatment. Cells were plated in complete medium containing 10% heat-inactivated FBS and allowed to attach overnight. Stock solutions of chemicals were prepared in dimethyl sulfonate (DMSO) at 1000-fold higher concentrations than the final target doses. Stock solutions were aliquoted and stored at −20 • C for up to 1 week. Dosing solutions were prepared immediately prior to treatment of the cells by diluting stock solutions 1:200 in complete media. Twenty four hours after seeding the cells, the medium in each well was supplemented with the dosing solutions (1:5 v/v), for a final chemical dilution of 1:1000 (0.1% vehicle). Cells were maintained in original complete medium throughout the course of the experiment. Immediately following treatment, medium was removed and the cells were washed with phosphate buffered saline (PBS) and prepared for subsequent analyses.
Adenosine triphosphate viability analysis. Cell viability was assessed using intracellular adenosine triphosphate (ATP) content after 4, 24, and 48 h of chemical treatment with 1, 3, 10, 30, or 100-M etoposide; 1, 3, 10, 30, or 100-M quercetin; or 1, 10, 100, 1000, or 10,000-M methyl methanesulfonate. Viability studies were performed with three biological replicates, each with three technical replicates. Relative ATP content was measured using the ATPlite 1-Step Assay (ATPLite 1-Step; PerkinElmer Life Sciences, Boston, MA) according to the manufacturer's directions. As a quality control measure, viability was also measured as part of the high content imaging micronucleus assay (permeability dye) and the apoptosis assay (live/dead staining). The permeability dye and live/dead cell stain were included to ensure that the apoptosis and micronucleus results were not confounded by dying cells. These results were also used as additional measures of viability in addition to the ATP assay. 0.03, 0.1, 0.3, 0.6, 1, 3, or 10M), quercetin (1, 3, 10, 20, 30, 60, 80, 100M), or methyl methanesulfonate (3, 10, 30, 100, 150, 200, 300, or 450M) for 1, 2, 4, 6, 8, 16 , or 24 h. For subsequent doseresponse studies, the duration of chemical treatment was kept at 24 h. Dose-response studies for p53, p-p53, and p-H2AX were performed at the following doses: etoposide (0.003, 0.006, 0.01, 0.02, 0.03, 0.06, 0.1, 0.2, 0.3, 0.6, 1, 2, 3, 6, and 10M), quercetin (0.06, 0.1, 0.2, 0.3, 0.6, 0.8, 1, 2, 3, 6, 8, 10, 20, 30, 60, 80, and 100M) , and methyl methanesulfonate (0.1, 0.2, 0.3, 0.6, 1, 2, 3, 6, 10, 20, 30, 60, 100, 125, 150, 175, and 200M) . Dose-response studies for mouse double minute 2 homolog (MDM2) protein, wild-type (wt) p53-induced phosphatase (Wip1), and p21 were performed at the following doses: etoposide (0.003, 0.006, 0.01, 0.02, 0.03, 0.06, 0.1, 0.2, 0.3, 0.6, 1, 2, 3, 6, 10M), quercetin (0.06, 0.1, 0.2, 0.3, 0.6, 0.8, 1, 2, 3, 6, 9, 10, 20, 30, 60,40, 80, and 100M) , and methyl methanesulfonate (0.1, 0.3, 1, 2, 3, 6, 10, 20, 30, 60, 100, 125, 150, 175, and 200M) . Protein expression studies were performed with three biological replicates, each with three technical replicates. Statistical significance was determined using 1-way ANOVA, with Dunnett's post-test. Immediately after treatment, cells were trypsinized, transferred to 96-well v-bottom plates, and fixed with 4% formaldehyde, followed by incubation of 90% methanol on ice for 30 min. Methanol was removed and plate was washed with PBS once. Cells were permeabilized with 0.1% triton x-100 for 10 min and blocked with incubation buffer (0.5% BSA in 0.1% Triton X-100) for an additional 15 min. The plates were then incubated with appropriate primary antibodies diluted in incubation buffer at 4
• C overnight, washed and incubated with secondary antibodies 0.3, 0.6, 0.8, 1, 2, 3, 6, 9, 10, 20, 30, 60,40, 80, 100M) , and methyl methanesulfonate (0.1, 0.3, 1, 3, 6, 10, 20, 30, 60, 100, 125, 150, 175, 200M) . After exposure to appropriate chemicals for 22.5 h, cells were treated with 100-g/ml BrdU for 1.5 h. Cells were harvested and transferred to 96-well v-bottom plates. After fixation with formaldehyde and methanol, cells were permeabilized with 0.1% Triton X-100/0.1 M HCl for 1 min on ice. The plates were centrifuged, supernatant was removed, and cells were washed once with DNA incubation buffer (0.15-mM NaCl and 15-mM trisodium citrate dehydrate). Cells were heated to 95
• C for 5 min to denature DNA. Cells were then cooled on ice, centrifuged and denatured buffer was discarded. Cells were incubated over night with blocking buffer. Cells were then washed and incubated at room temperature for 1 h with Hoechst 33342 and AF-647-conjugated rabbit anti-BrdU antibody (1:100 0.001, 0.003, 0.006, 0.01, 0.02, 0.03, 0.1, 0.3, 0.6, 0.8, 2, 6, 10M), quercetin (0.06, 0.1, 0.2, 0.3, 0.6, 0.8, 1, 2, 3, 6, 9, 10, 20, 30, 40, 60, 80, 100M) , and methyl methanesulfonate (0.1, 0.3, 1, 2, 3, 6, 10, 20, 30, 60, 100, 125, 150, 175, 200, 300, 450, 600M 1, 2, 3, 6, 9, 10, 20, 30, 40, 60, 80, 100M) , and methyl methanesulfonate (0.1, 0.3, 1, 3, 6, 10, 20, 30, 60, 100, 125, 150, 175, 200M) . Duration of chemical treatment was 1.5 doubling times (27 h).
Cell staining was performed using the Cellomics Micronucleus Kit (Cat no. K1100011, Cellomics, Pittsburgh PA). Cellular dye solution was prepared according to the kit instructions and added to the cells. After 1-h incubation, the medium was removed, cells were washed once with complete medium, 100-l complete medium containing DMSO (0.1%) or the test chemical was added to each well and cells were allowed to incubate for 27 h. Medium was then removed, cells were washed once with complete medium followed by addition of cytokinesis blocking buffer according to the Cellomics protocol, and cells were allowed to incubate overnight. Cells were prepared for bioimaging according to the Cellomics micronucleus protocol using three dyes to label the (1) nucleus and (2) cytoplasm, and (3) measure cytotoxicity (cell permeability). Fifty microliters of the Permeability Dye solution was added to each well and plate was incubated at 37
• C for 30 min. Medium was then aspirated, cells were rinsed once with 100-l complete media, and 100 l of Fixation/Hoechst Dye solution was added to all wells. Plates were allowed to incubate at room temperature. After 20 min, Fixation/Hoechst Dye solution was aspirated, cells were rinsed twice with 100 l of 1X Wash Buffer/well, and 200 l of 1X Wash Buffer was added to each well. The plate was sealed, covered with aluminum foil, and stored at 4
• C until bioimaging (less than 48 h).
Plates were scanned using a Cellomics ArrayScan VTI capturing 49 fields/well. Images were generated using a 20X/0.4NA objective and light-emitting diode (LED) excitation light source. All images were analyzed with the Cellomics micronucleus algorithm for identifying binucleated cells and micronuclei. The Cellomics 3-channel micronucleus algorithm has been well validated and optimized for analysis. Images were analyzed for percentage of micronucleus frequency in all binucleated cells. Scoring of micronuclei was performed using the Cellomics proprietary Micronucleus BioApplication software. Inclusion of the cy-tokinesis blocker cytochalasin B ensures that cells are unable to complete daughter cell division following mitosis, allowing recent micronucleus events to be distinguished from previous events. Micronuclei were scanned in binucleated cells in which both nuclei were of similar size and intensity. Micronuclei were counted when their size was between 1/16 and 1/3 the size of the nuclei. Micronucleus frequency was expressed as % of binucleated cells with micronuclei. Dose-response curves for micronuclei were evaluated using the Lutz and Lutz hockey stick model (Lutz and Lutz, 2009 ) as described in the publication. Micronuclei studies were performed with three biological replicates, each with three technical replicates. Statistical significance was determined using 1-way ANOVA, with Dunnett's post-test.
Confirmation of HT1080 results with a second cell line.
Limited protein dose-response studies were performed in a second cell line (HCT 116) to confirm the trends observed in the HT1080 cells (see Supplementary Data). HCT 116 cells are a human colorectal cell line expressing wild-type p53. HCT 116 cells were obtained from ATCC and cultured in Macoy's 5A medium supplemented with 10% (v/v) heat-inactivated FBS, 100-g/l streptomycin, and 100-U/ml of penicillin G at 37
• C in a humidified atmosphere of 95% air and 5% CO 2 . The passages of HCT 116 cells were no more than 40 during all experiments. Cells were grown in 12-well plates for immunoblot analysis and 96-well plates for high-throughput flow cytometry studies. For flow cytometry dose-response studies of p-H2AX, phospho and total p53 and micronuclei, cells were exposed to etoposide ( Immunoblot analyses were performed as described previously for the HT1080 cells. GAPDH was used as an internal control to ensure equal loading. All results represent three independent experiments for both HT1080 and HCT 116 cells.
Statistical analysis of proteins and cell fate assays.
Statistical significance calculations were performed using a 1-way ANOVA and Dunnett's post-test in Prism 5.04 (GraphPad, La Jolla, CA). The lowest observed effect level (LOEL) is defined as the lowest concentration causing a statistically significant (p ≤ 0.05) change in the measured parameter. LOELs for all dose-response studies (with the exception of the preliminary range-finding studies) are given in . RNA samples were prepared for microarray hybridization using the GeneAtlas 3 IVT Express Kit according to manufacturer's protocol (Applied Biosystems, Carlsbad, CA). Briefly, total RNA was reverse transcribed to synthesize first-strand cDNA. The cDNA was then converted into a double-stranded DNA template for transcription. Amplified cRNA (aRNA) was transcribed in vitro, with incorporation of a biotin-conjugated nucleotide. The aRNA was then purified to remove unincorporated NTPs, salts, enzymes, and inorganic phosphate, and samples were fragmented to prepare the biotin-labeled aRNA samples for hybridization onto Affymetrix GeneChip. Samples were loaded onto an HT HG-U133+ PM GeneChip array plate and run on the GeneTitan according to manufacturer's protocol (Applied Biosystems). The GeneChip HT HG-U133+ PM array plate utilizes the same content as the GeneChip Human Genome U133 Plus 2.0 Array cartridge, analyzes the relative expression level of more than 47,000 transcripts and variants, including more than 38,500 wellcharacterized genes and UniGenes, provides whole-genome coverage of the transcribed human genome on a single array in a 96-array configuration, and includes more than 54,000 probe sets and 1.3 million distinct oligonucleotide features. All gene array data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number GSE59368.
Statistical analysis of microarrays. Gene array analyses were performed based on data from six independent experiments (six biological replicates). Initial analysis of gene expression data was performed using Partek software (Partek Inc., St. Louis, MO). Arrays were robust multi-array average normalized (Irizarry et al., 2003) and a 1-way ANOVA with interactions was performed to compare gene expression between the treated and control cells. Probability values were adjusted for multiple comparisons using a false discovery rate of 5%.
Benchmark dose analysis of microarray data. Benchmark doses were calculated with BMDExpress rel. 1.41 (Yang et al., 2007) . The four different models used to fit the data were power (power function restricted to Ͼ = 1), linear, 2 o polynomial, and 3 o polynomial. A constant variance, no restrictions on the parameters and a benchmark response of 1 standard deviation difference from control were applied. Benchmark dose lower 95% confi-dence limits (BMDLs) were also calculated from the continuous linear models fit to the data. Only probes with a benchmark dose less than the maximum experimental concentration and with a model fit-pValue Ͼ 0.1 were retained for further analyses. Redundant probes matching the same gene were averaged to obtain a single gene-based benchmark dose value. After benchmark dose analysis a defined category analysis was performed, using Entrez Gene identifiers matched to their corresponding GeneGo pathway map ontology elements. Benchmark doses were only considered if the pathway had at least three elements (genes) with a benchmark dose (i.e., at least three genes each with benchmark dose Ͻ max. concentration and fit-pValue Ͼ 0.1).
Comparison of chemical-specific pathway activation from microarray data.
A database of genes directly regulated by p53 was compiled from several published studies that examined p53 DNA binding sites using chromatin immunoprecipitation followed by high throughput DNA sequencing (ChIP-seq) in human cells after induction of DNA damage (Aksoy et al., 2012; Cawley et al., 2004; Kapranov et al., 2002; Smeenk et al., 2011) . ChIP-seq data were available from cells in normal growth conditions and following treatment with chemical agents that induce different types of DNA damage (actinomycin D, etoposide, nutlin3a, 5-fluorouracil, and RITA). The Galaxy/Cistrome genome tool (Liu et al., 2011) was used to map each bound interval to its nearest downstream gene within 10,000 bp from the start of interval. This gene list was then used to identify genes from our transcriptomic experiments that are directly regulated by p53 (genes directly or indirectly bound by p53). The p53-regulated genes that were differentially expressed with etoposide, quercetin, and methyl methanesulfonate treatment were then mapped to Gene Ontology (GO; Ashburner et al., 2000) and Reactome (Vastrik et al., 2007) pathways to uncover their roles in the response to DNA damage. Enrichment was determined using a hypergeometric test.
Comparison of chemical-specific pathway activation from protein and cell fate data.
A "p53-normalized concentration" was established based on a similar level of p53 activation (approximately 25% of cells responding for total p53 at 24 h). This level of induction in p53 expression represents approximately half of the maximal induction observed with any of the three prototype chemicals. The resulting concentrations for comparison were 0.3-M etoposide (27% responders), 30-M quercetin (29% responders), and 200-M methyl methanesulfonate (25% responders). For each measured endpoint (p-p53 (s15), p-H2AX, S-phase, MPhase, etc.), the percent of maximal response was calculated for each chemical by dividing the response at each chemical concentration by the maximal response induced by any of the chemicals. For example, the largest response observed for p-p53 (s15) was at 10-M etoposide (79% of the cells responding)-this was set as the maximal response level for p-p53 (s15). To determine the % of maximal response for all other concentrations of etoposide, as well as all concentrations of quercetin and methyl methanesulfonate, the response at each measured concentration was divided by 79 and multiplied by 100. The data points were then divided into quintiles: 0-20%, 21-40%, 41-60%, 61-80%, and 81-100% of maximal response. As p-ATM and p-ATR were not measured with flow cytometry, a qualitative estimate of relative induction of these kinases was inferred from visualization of the Western blots. This approach was also used to compare chemicals at a "p-H2AX normalized concentration" (approximately 35% of the cells responding for p-H2AX induction at 24 h) (see Supplementary Data).
RESULTS
Cell Viability
Cell viability was examined by measuring intracellular ATP (luminescence assay) over a wide range of concentrations for etoposide (1-100M), quercetin (1-100M), and methyl methanesulfonate (1M-10mM) at 4, 24, and 48 h (Figs. 3A-C) to determine optimal experimental conditions. Minimal change was observed at 4 h. At 24 and 48 h, all chemicals showed Ͼ50% reduction in viability at the highest tested concentrations. Etoposide was toxic even at low concentrations (1M) at 48 h (Fig.  3A) . Viability was also measured using a permeability dye when performing micronucleus assay (0.0003-3-M etoposide, 0.06-100-M quercetin, and 0.1-200-M methyl methanesulfonate) and using a live/dead cell stain when performing the apoptosis assay (0.0003-30-M etoposide, 0.06-100-M quercetin, and 0.1-600-M methyl methanesulfonate). Results were highly similar between the three viability assays (see Figs. 3 and 8 ; Supplementary fig. 1 ). These results were used to set upper limits for test duration (24 h) and concentrations of etoposide (10M), quercetin (100M), and methyl methanesulfonate (450M) based on 50% survival.
Time-Dependence of DNA Damage and Cellular Response
To determine the time point producing the most robust dose response, a variety of proteins associated with DNA damage response were analyzed by Western blot at 3, 8, and 24 h after treatment with relatively high concentrations (∼50% viability at 24 h) of etoposide (1M), quercetin (30M), and methyl methanesulfonate (100M) (Fig. 4) . Protein markers for DNA damage (the histone protein p-H2AX), DNA damage-associated kinase activation (p-ATM (s1981), p-Chk2 (Thr68), p-ATR (s428)), activation of p53 (ac-p53 (k382), p-p53 (s15) and total p53), and downstream p53 transcriptional response (MDM2, p21) covered various components of the DNA damage response signaling pathway. It was not expected that all changes would occur within the same time frame. However, the goal was to identify a single time point which would best represent the trends in activation of the various proteins to facilitate multiplexing of dose-response assays. There were notable differences in the protein response to the three chemicals, both in terms of the nature of the response and in their time courses (Fig. 4) . Despite similar levels of p53, etoposide showed a much more rapid upregulation of p-ATM, p-H2AX, and p-p53. Further, the p53 transcriptional products MDM2 and p21 were differentially regulated by the three chemicals. Only etoposide caused a strong increase in p21. Etoposide and methyl methanesulfonate, but not quercetin, showed a strong upregulation of MDM2. Importantly, the 24-h time point encompassed all relevant protein changes (i.e., all of the proteins that were induced at early time points were still increased at 24 h) for each of the three chemicals. Even phosphorylation events (kinases, p-p53), which are expected to occur rapidly, showed greater induction at the later time points. Although it is clear that no one time point will be optimal for screening every relevant protein response to DNA damage, these data indicated that 24 h was the most suitable time point for screening for p53 pathway activation using these particular protein biomarkers.
More detailed analysis of the time course for p-p53, p53, and p-H2AX further supports the use of the 24-h time point for initial dose-response studies. Biomarkers for DNA damage (p-H2AX) and p53 activation (p-p53 and p53) were measured using flow cytometry at several time points following exposure to a range of concentrations of etoposide, quercetin, or methyl methanesulfonate. Data for p-p53 are shown in Figure 5A -C. Data for p-H2AX and total p53 are provided in the Supplementary Data (Supplementary fig. 2 ). Regardless of the chemical species, or the concentration used, p-H2AX, p53, and p-p53 were at maximal, or near maximal, levels at the 24-h time point.
Dose-Dependent Induction of Phosphorylated Histone Protein H2AX
In response to DNA damage, the histone protein H2AX is quickly phosphorylated at sites of double strand breaks, forming nuclear foci that can be imaged using p-H2AX-specific antibodies (Paull et al., 2000) . Measurement of p-H2AX serves as a marker of double-strand break DNA damage (Sedelnikova et al., 2002) . Consistent with its mode of action, topo II inhibition, and failed religation of DNA in M phase (Burden and Osheroff, 1998) , etoposide was more efficient at inducing double-strand breaks than either quercetin or methyl methanesulfonate (Fig. 6A) . Interestingly, quercetin induced double-strand breaks at lower concentrations than methyl methanesulfonate.
Dose-Dependent Activation of the p53 Pathway
Total and serine 15 phospho-p53. Serine 15 is one of the first sites on p53 modified in response to DNA damage and phosphorylation of serine 15 is associated with nuclear accumulation of p53 (Dumaz and Meek, 1999; Shieh et al., 1997) . Total p53 protein and p-p53 (ser15) were measured as markers of p53 activation ( Fig. 6B-C) . At basal conditions, p53 activity is kept low by its interaction with MDM2. MDM2 binds p53, sequestering p53 in the cytosol and targeting it for degradation. Following DNA damage, various DNA kinases (ATM, ATR, Chk1/2, DNA-PK) modify the p53 protein through phosphorylation, causing dissociation of the MDM2-p53 complex and accumulation of p53 protein.
The dose-dependence for p53 activation was similar to induction of p-H2AX (Fig. 6B) . In fact, the LOELs for p-H2AX, total p53 or p-p53 for a particular chemical were remarkably similar (Table 1 ). All three proteins were significantly increased (p Ͻ 0.05, 1-way ANOVA with Dunnett's post-test) in the range of 0.1-0.2M for etoposide, 20-30M for quercetin, and 100-125M with methyl methanesulfonate (see Table 1 ). The shapes of the dose-response curves were also generally similar across the biomarkers for DNA damage and p53 activation (p-H2AX, p-p53(ser15), and p53) with methyl methanesulfonate and quercetin. However, the shapes of the dose-response curves 
FIG. 6. Induction of (A) p-H2AX, (B) total p53, (C) p-p53(ser15)
, and (D-F) p53 effector proteins following 24-h etoposide, quercetin, and methyl methanesulfonate treatment. Circles, squares, and triangles represent the mean of three independent experiments (three biological replicates, each with three technical replicates). Cross bars represent the standard error of the mean (SEM). The lowest statistically significant (p Ͻ 0.05) concentrations are shown as LOELs in Table 1. for p-H2AX and p-p53 were notably different with etoposide. Whereas the curve for p-H2AX was fairly linear across concentrations, the response for p-p53 and total p53 had plateaus at concentrations well below the highest tested concentration of etoposide. It is possible that quercetin and methyl methanesulfonate may also have exhibited a plateau in p53 response at higher doses than those tested. However, cytotoxicity prohibited testing at higher doses for these two chemicals.
These results were confirmed in a second cell line-the human colon carcinoma cell line HCT 116 (Supplementary fig. 3A ). Although the HCT cells were generally less sensitive than the HT1080 cells, the dose-response trends were similar between the two cell lines. The shapes of the dose-response curves and LOELs were similar for the measured endpoints (p53, p-p53, and pH2AX) whether treated with etoposide, quercetin, or methyl methanesulfonate (data not shown). LOELs ranged from 1-3M for etoposide (Supplementary fig. 3A ). LOELs for p53, p-p53, and pH2AX were also similar for quercetin (20-40M) (Supplementary fig. 3A ). LOELs for methyl methanesulfonate ranged from 300-450M (Supplementary fig. 3A ). Although the two cell lines showed differing sensitivity to the chemicals, the consistency between the two p53-competent cell lines in terms of doseresponse trends demonstrates that the trends observed in the HT1080 p53 response network are not specific to a single cell line.
FIG. 7.
Cell cycle effects following 24-h (A) etoposide, (B) quercetin, and (C) methyl methanesulfonate treatment. Circles, squares, and triangles represent the mean of three independent experiments (three biological replicates, each with three technical replicates). Cross bars represent the standard error of the mean (SEM). The lowest statistically significant (p Ͻ 0.05) concentrations are shown as LOELs in Table 1 .
Upregulation of p53-mediated proteins. p21, Wip1, and MDM2 are direct transcriptional targets of p53. Wip1 and MDM2 are negative regulators of p53. Wip1 phosphatase inactivates ATM kinase leading to reduced phosphorylation of p53, whereas MDM2 interacts directly with p53 as described above. p21 is a major mediator protein for the p53 pathway, playing an important role in p53-mediated cell cycle arrest (G1/S transition). Based on initial immunoblot results (Fig. 4) , the three prototype chemicals had distinctly different effects on p21, Wip1, and MDM2 expression. To verify the immunoblot results and quantitatively characterize the dose response for expression of these effector proteins, Wip1, MDM2, and p21 protein levels were measured in HT1080 cells across concentrations using flow cytometry following etoposide, quercetin, and methyl methanesulfonate exposure (24 h) (Fig. 6D-F) . All three chemicals induced Wip1, and the Wip1 dose-response curves for each of the chemicals were similar to the dose response for p53 activation (Fig.  6E and Table 1 ). However, MDM2 and p21 clearly show chemicalspecific differences. Although MDM2 is induced at concentrations of etoposide and methyl methanesulfonate where p53 is increased, quercetin has little effect on MDM2, even at concentrations that maximally activate p53 (100M) (Fig. 6D) . p21 only shows a strong upregulation with etoposide (Fig. 6F) . The dose-response curves for p21 did not follow those of p53 or pp53(ser15) for methyl methanesulfonate or quercetin. Thus, at chemical treatments causing similar levels of DNA damage (p-H2AX; Fig. 6A ) and similar levels of p53 activation, the three chemicals produce different activation of p53 target genes. This differential activation of p21 and MDM2 was confirmed in HCT 116 cells (Supplementary fig. 3B ).
Evaluation of Cell Fate
In response to DNA damage, p53 initiates several transcriptional programs designed to prevent heritable alterations in the DNA structure. When proliferating cells encounter DNA damage, p53 can initiate cell cycle arrest, in order to allow repair of DNA damage before continuing with cellular division. However, if DNA damage is too severe, p53 initiates programmed cell death (apoptosis). Markers of cellular fate (cell cycle arrest, apoptosis) were examined across concentrations of etoposide, methyl methanesulfonate, and quercetin in the HT1080 cells.
Cell cycle delay. Cell cycle was assessed by staining for DNA content and BrdU (S-phase) and analyzing the cells by flow cytometry (Fig. 7A-C) . Etoposide caused an increase in the number of cells in G2/M, while decreasing S and G1 phase cells (Fig. 7A) . In contrast to etoposide and methyl methanesulfonate, quercetin showed a biphasic dose response for cell cycle arrest (Fig. 7B) . At concentrations Ͼ20M, the number of cells in S-phase was moderately increased. However, higher quercetin concentra- Table 1. tions (Ͼ60M) decreased the number of cells in S phase and increased the number of cells in G1. Methyl methanesulfonate significantly increased the number of cells in M-and S-phase and decreased the number of cells in G1 at 100M (Fig. 7C) .
Apoptosis. Induction of apoptosis was assessed using simultaneous staining for cleaved caspase 3 and p-p53 (s46), a posttranslational modification associated with p53-mediated apoptosis (D'Orazi et al., 2002) (Fig. 8A-D) . To verify that the measures of caspase activation were not affected by necrotic cells, a stain for increased membrane permeability (necrosis) was also included (Fig. 8C ). Late apoptosis (Fig. 8D) is characterized by cells that stained positive for both necrosis (increased permeability) and cleaved caspase 3, whereas those cells designated as apoptotic (Fig. 8B ) stained only for cleaved caspase 3. All three chemicals induced apoptosis at 24 h, with a similar maximal response (7-8% of cells) (Fig. 8B) . Generally, pp53 (ser 46) was induced at lower concentrations than cleaved caspase 3 (Fig. 8A and Table 1 ). Interestingly, the majority of etoposide-induced apoptotic cells were also p-p53 (s46) positive, whereas only a small portion of methyl methanesulfonate-or quercetin-induced apoptotic cells were co-stained with p-p53 (s46), indicating p53-independent pathways may be important for quercetin and methyl methanesulfonate-induced apoptosis.
Induction of Micronuclei
Micronuclei are formed when pieces of a chromosome or entire chromosomes are not incorporated into the daughter nuclei during mitosis (Samanta and Dey, 2012) . Exposure to clastogenic DNA damaging compounds may induce micronucleus formation by increasing the number of unrepaired double-strand breaks, either through direct formation of double strand breaks, or by inducing DNA damage that is not faithfully repaired. Additionally, aneugenic chemicals may interfere with spindle formation and cell division leading to chromosome loss (aneuploidy). The micronucleus assay, which has been standardized under the OECD guidelines (OECD, 2010) , is a widely used screening tool for genotoxic compounds. We used the micronucleus assay as a measure of permanent damage (i.e., any permanent (irreparable) alteration of the chromosome structure without designating whether micronuclei consisted of whole or partial chromosomes). The maximum micronucleus induction was much higher after etoposide treatment compared with methyl methanesulfonate or quercetin (Fig. 9A-C) in keeping with the much greater induction of double-strand break DNA damage (p-H2AX) and other markers of cellular response that indicate etoposide is more potent DNA damaging compound (Figs. 6-8 ). Although methyl methanesulfonate and quercetin induce different types of DNA damage (alkylation vs. oxidative damage), they both show a similar capacity for micronucleus induction, with a maximum fold change over controls of 4-5 ( Fig.  9B and 9C ). When the LOELs were compared across chemicals, etoposide was most potent followed by quercetin and methyl methanesulfonate (Table 1) .
Many genotoxic chemicals appear to have nonlinear, or threshold, dose-response curves in genotoxicity (or mutation) assays (Bryce et al., 2010; Calabrese et al., 2011; Doak et al., 2007; Elhajouji et al., 2011; Platel et al., 2011) . The potential for threshold-like behavior in the micronuclei response curves was evaluated using a model that can test whether a threshold Table 1. model is more likely than a linear model (Lutz and Lutz, 2009) . Although this analysis does not "prove" threshold behavior, a p-value less than 0.05 supports the hypothesis that the doseresponse curve is nonlinear and more likely to exhibit threshold behavior than a linear relationship. The Lutz model p-values for the micronucleus curves were 0.30, 0.99, and 0.048 for etoposide, quercetin, and methyl methanesulfonate, respectively. Thus, methyl methanesulfonate shows a statistically significant deviation from linear behavior, whereas etoposide and quercetin do not. The insets in Figure 9 show the micronuclei response at the transitional concentrations of etoposide, quercetin, and methyl methanesulfonate, together with the predicted Lutz and Lutz model.
Comparison of Dose-Response Across Protein and Cell Fate Endpoints
Relative sensitivities of the various biomarkers were analyzed in three ways: NOEL/LOEL, benchmark dose (BMD), and 95% lower confidence interval for the benchmark dose (BMDL). These values were then compared across protein and cell fate biomarkers for each individual chemical (Table 1) . Despite the different levels of cellular regulation that were examined with indepth dose-response studies, the majority of assays were activated at similar concentrations for a given chemical. For example, when p53 activation, double-strand break induction (p-H2AX), cell cycle, apoptosis, and micronucleus induction are compared for etoposide, the LOELs (first statistically significant change, p ≤ 0.05) for all of the endpoints were within a very narrow concentration range (0.06-0.2M), with the exception of cell death/apoptosis. The induction of apoptosis/necrosis occurred at higher concentrations (≥ 0.6M). Similar trends were noted with methyl methanesulfonate and quercetin. Only apoptosis (cleaved caspase 3) showed a different concentration dependence than any of the other biomarkers. The trends for benchmark doses were similar; all biomarkers, with the exception of apoptosis/necrosis, had similar benchmark doses within an individual chemical. Notably, micronucleus induction was one of the most sensitive endpoints. Although several doses of each of the chemicals showed no increase in micronuclei, induction of micronuclei was observed at concentrations less than or equal to those required for a significant increase in activation of p53. This same trend was observed in HCT 116 cells when the LOELs were compared across the p-H2AX, p53, and p-p53(ser15) and micronucleus endpoints (see Supplementary table 1) .
Evaluation of Transcriptomic Dose Response
In an effort to compare the dose response for gene transcription with induction of micronuclei, whole genome arrays were run for HT1080 cells treated with various concentrations of etoposide, methyl methanesulfonate, or quercetin. Concentrations were based on the micronuclei dose-response curve to represent regions of (1) no change from background, (2) transition from no change to induction of micronuclei, and (3) maximal induction of micronuclei. The lowest concentrations with statistically significant gene changes were 0.03-M etoposide, 10-M quercetin, and 30-M methyl methanesulfonate, which corresponded to 14, 4, and 1 gene(s), respectively. In order to compare the dose response for transcriptional activation with the protein endpoints, the benchmark dose was calculated for each gene and the average BMD for each biological process GO category was determined (Yang et al., 2007) . The BMDs for the most sensitive pathway with each chemical are given in Table 1 . Interestingly, the most sensitive pathways for the three chemicals were not related to DNA damage or p53 activation. The gene categories with the lowest BMDs were "immune response", "cytoskeleton re-modeling", and "development" for etoposide, methyl methanesulfonate, and quercetin, respectively (Supplementary table 1) . A more detailed list of BMDs and categories for the top pathways are in the Supplementary Data (Supplementary table 1) . Whether the gene changes are compared based on LOEL or BMD for enriched GO categories, transcriptional activation occurred at concentrations within the range of those that induced micronucleus formation. Although the lowest doses did not induce micronuclei, there were significant increases in micronuclei at doses that did not affect p53 transcriptional response, indicating that p53 transcriptional response does not prevent induction of micronuclei.
Comparison of Protein and Cell Fate Response at Concentrations Causing Similar p53 Activation
Although the data show similar dose-response trends (BMDs/LOELs) for the various biomarkers within a single chemical, it is clear from the protein and cell fate data that the cellular response differs across the three prototype chemicals. Because the chemicals induced different types of DNA damage and have different potencies, however, the comparison across chemicals cannot be performed simply on the basis of chemical concentration. In an effort to standardize the concentrations of etoposide, methyl methanesulfonate, and quercetin, we established a "p53-normalized concentration" that induced a similar level of p53 activation (approximately 25% of cells responding for total p53 at 24 h) for each chemical. (Fig. 6) . By using these p53-normalized concentrations we could compare the p53 program across chemicals without the added complication of concentration/potency. Figure 10 summarizes the protein and cell fate responses for each chemical at the p53-normalized concentration. Despite similar levels of induction of p53, the activated p53 response network varies significantly among the three chemicals. Etoposide induced a much stronger ATM response than did the other two chemicals, and a greater induction of Wip1 and MDM2 than did either quercetin or methyl methanesulfonate. Furthermore, only etoposide induced p21. Despite this strong activation of the p53 pathway, and the much stronger induction of apoptosis than either methyl methanesulfonate or quercetin, the response to etoposide was least successful at preventing permanent DNA damage (micronuclei). The same trends hold true when the responses were normalized by p-H2AX level (35% of the cells responding for p-H2AX) (Supplementary fig. 4 ).
In addition to the clear differences in downstream signaling, this figure highlights the chemical-specific activation of p53. Although all three chemicals show evidence of activation of p53 through ATM kinase, ATM plays a much larger role in etoposide response than in responses to methyl methanesulfonate or quercetin. Further, ATR kinase is not involved in quercetin response at all. The amino acid residue (serine 15) of p53 that is targeted by these kinases shows the same trend as the activated kinases: etoposide Ͼ methyl methanesulfonate Ͼ quercetin. The strong induction of total p53 without a corresponding response by ATM/ATR indicates that quercetin must activate p53 via another mechanism.
Comparison of Transcriptional Program at Concentrations Causing Similar p53 Activation
The protein and cell fate data indicate that the p53 pathway is differentially activated by the three prototype chemicals. The transcriptomic data collected at concentrations that induce similar levels of total p53 expression (0.3-M etoposide, 200-M methyl methanesulfonate, 30-M quercetin) were evaluated to determine whether the chemicals induce different p53-dependent transcriptional programs (see Supplementary Data for differentially expressed genes-Supplementary table 1). We determined the portion of the transcriptional response directly regulated by p53 by combining our gene expression microarray data with published ChIP-seq data (see the Materials and Methods section). The resulting lists consisted of 103, 149, and 255 genes both differentially expressed and regulated directly by p53 for etoposide, quercetin, and methyl methanesulfonate, respectively (Supplementary table 1) . Of these genes, 38 were common to all three chemicals, constituting a core DNA damage response that depends on p53 regulation irrespective of the nature of DNA damage. Etoposide, quercetin, and methyl methanesulfonate had 14, 50, and 147 uniquely regulated genes, respectively, indicating mechanism-specific p53 responses across chemicals (Fig.  11A) .
The core DNA damage response and the genes unique to etoposide, methyl methanesulfonate, or quercetin were evaluated using the GO (Ashburner et al., 2000) and Reactome (Matthews et al., 2009 ) pathway databases to identify cellular processes associated with the differentially expressed genes. Due to the small number of differentially expressed genes, none of the pathways were significantly enriched using the Reactome database (p Ͻ 10 −2 , hypergeometric test, Benjamini-Hochberg correction). However, the processes associated with the differentially expressed genes reveal trends that can provide insight into the p53 transcriptional response (see Supplementary table 1). The pathways associated with the genes that the three chemicals had in common were those expected for p53 regulation: apoptosis, nucleotide excision repair, and cell cycle checkpoints (see Supplementary table 1) . Interestingly, the core p53-mediated response induced by all three chemicals was enriched in GO terms related to apoptosis and response to DNA damage (Fig. 11B) , whereas the p53-mediated genes specific to a single chemical were not. This observation further indicates that these 38 core genes constitute a general p53-mediated DNA damage response program.
DISCUSSION
High-throughput assays were developed in a human cell line expressing wild-type p53 (HT1080) for several key readouts for the p53-mediated DNA damage response toxicity pathway. More limited data were collected in a second cell line (HCT 116). Although the HCT 116s were generally less sensitive to the chemicals, the trends observed in the p53 activation and the comparison of dose response for various endpoints were consistent between the HT1080 and HCT 116 cells, indicating that the conclusions drawn from the HT1080 studies are not specific to a particular cell line. Dose-response data for three prototype compounds with different mechanisms of DNA damage allow important comparisons that can improve our understanding of the p53 toxicity pathway (Figs. 5-9 ). The data collected in this paper were used to map the p53 network for chemicals with different mechanisms of action at concentrations that cause a similar induction of p53. These also provided an understanding of dose dependence of p53 response to different types of chemical-induced DNA damage. Evaluation of cellular response across chemicals and across concentrations led to two important conclusions: (1) the p53 transcriptional program is chemical specific and (2) the p53 transcriptional response does not prevent permanent DNA damage (micronuclei) induction at low concentrations.
The p53 Transcriptional Program is Chemical Specific
The p53 response appears to be determined by the type of chemical damage (i.e., single-vs. double-strand breaks). Studies with gamma and UV irradiation showed that UV irradiation, which primarily induces single-strand breaks through failed repair of thymidine dimers, activated the ATR kinase pathway (Brown and Baltimore, 2003) . Alternatively, gamma irradiation, a strong inducer of double-strand breaks, activates p53 through ATM kinase (Batchelor et al., 2011) . However, our studies show that p53 response to chemical-induced DNA damage cannot be classified simply by single-or double-strand breaks. In fact, when chemical response is compared at concentrations causing a similar upregulation of p53, the p53-dependent transcriptional program is markedly different across our three prototype compounds. Etoposide, which binds DNA and inhibits topo II religation of replicating DNA, activates a transcriptional program that leads to G2/M-phase arrest and apoptosis. Of the three chemicals, only etoposide showed an apoptotic response at concentrations that were not overtly cytotoxic. The pro-oxidant quercetin activates a program that favors G1/S arrest and DNA repair processes (evidenced by fewer micronuclei per double-strand break). Methyl methanesulfonate, an alkylating agent that causes single-and double-strand breaks through base excision repair and/or replication fork collapse Nikolova et al., 2010) , induces a program intermediate between that of etoposide and quercetin, with arrest in both G2/M and S phase and a modest apoptotic response at higher doses that also cause necrosis. p53 activity is determined by the number and type of posttranslational modifications and interaction with specific cofactors (Beckerman and Prives, 2010; Meek and Anderson, 2009; Murray-Zmijewski et al., 2008; Xu, 2003) . In particular, kinase activation is important for p53's release from MDM2, nuclear translocation, and transcriptional activation. Furthermore, posttranslation modifications may modify p53 binding affinity for its response elements and, depending on the type and location of the modification, lead to different patterns of gene transcription (Beckerman and Prives, 2010; Smeenk et al., 2011) . Our study clearly demonstrates different patterns of kinase activity and post-translational modifications across the three chemicals. Etoposide had a much stronger induction of p-ATM than either quercetin or methyl methanesulfonate. p-ATR was transiently induced with methyl methanesulfonate and etoposide, but not quercetin. Serine 15 phospho-p53, which is a target of both ATR and ATM, also showed differences among the chemicals: Etoposide showed the greatest increase followed by methyl methanesulfonate and quercetin. Serine 46 phospho-p53 was much higher in etoposide and methyl methanesulfonate-treated cells than quercetin. The current study did not focus on upstream signaling of p53. However, these preliminary results indicate that the immediate cellular response and early activation of p53 is chemical specific and decisions about the p53 transcriptional response may, in fact, be made very early in the response pathways (i.e., prior to transcription). Other kinases, such as DNA-PK, the ATM/ATR-dependent kinases Chk2 and Chk1, and mitogenactivated kinases (MAPKs), are able to phosphorylate p53 at serine 15 and other amino acid residues (ser6, ser9, ser20, thr18, ser37, ser392, etc.). We are currently evaluating the early kinase response in more detail to identify the kinases involved in chemical-specific activation of the p53 pathway.
Evaluation of the p53 transcriptional program (differential expression of genes directly regulated by p53) revealed a set of core genes related to apoptosis and cell cycle arrest. However, etoposide, methyl methanesulfonate, and quercetin also initiated chemical-specific p53 activity. Thus, although there is a core network of p53 regulated genes, p53 also initiates additional transcriptional programs that lead to more specific chemical responses. Although our efforts to evaluate these chemicalspecific networks did not yield statistically significant enrichment of GO or Reactome pathways, the Reactome database provided insight into the processes that may be uniquely activated by our three chemicals. For example, the top-ranked pathways (most highly enriched) associated with quercetin unique genes were related to interferon signaling, which is regulated by the transcription factor STAT1 (signal transducers and activators of transcription 1). STAT1 can form a complex with p53 and ATM, acting as a cofactor for p53 transcriptional regulation and enhancing p53-mediated apoptosis (Townsend et al., 2004; Youlyouz-Marfak et al., 2008) . Top-ranked pathways associated with methyl methanesulfonate unique genes, however, were related to Notch signaling. The Notch pathway, which is associated with cellular differentiation, also has cross-talk with p53 via the mastermind-like (MAML) proteins. MAML proteins act as coactivators of Notch-mediated and p53-mediated transcriptional activation (Zhao et al., 2007) . MAML1 binding to p53 stabilizes the p53 proteins and enhances apoptotic response. The top-ranked pathways associated with etoposide (though admittedly there was only very small enrichment) were associated with MyD88, a protein implicated in toll-like receptor activation of NF-B (nuclear factor kappa-light-chain-enhancer of activated B cells). NF-B is a transcription factor that binds p53 and acts as co-regulator for gene transcription (Schneider et al., 2010) . Overall, our results indicate that a generic, protective transcriptional response to DNA damage-regardless of the initiating event-supports cell cycle arrest and apoptosis. Chemicalspecific recruitment of co-regulators, which may enhance particular functions of p53, such as apoptosis or senescence, augments this generic response. Interaction with co-regulators may be mediated by post-translational modification of p53-or p53-independent activation of other pathways (NF-kB, STAT1, etc.) by different chemicals.
The p53 Transcriptional Response Does Not Prevent Micronucleus Induction at Low Concentrations
A quantitative understanding of the dose response underpins chemical risk assessment. In the effort to extrapolate high dose effects observed in laboratory experiments to low dose environmental exposures, it is necessary to describe the dose-response behavior of a chemical as accurately as possible. For chemicals with nonlinear response curves, estimating risk for low dose exposures from high dose data is particularly challenging. One of the more contentious conventions in risk assessment is the default assumption of low-dose linearity for genotoxicity, wherein genotoxic agents are considered to induce DNA-damage proportional to the administered dose. This dogma is based on the assumption that even a single molecule of a DNA reactive chemical may cause a mutation and thereby increase the risk for cancer. However, this assumption fails to consider nonlinearities resulting from biokinetic processes and cellular defense mechanisms. Some genotoxic chemicals exhibit threshold-like responses in mutation and genotoxicity assays both in vivo and in vitro (Bryce et al., 2010; Gocke and Müller, 2009; Johnson et al., 2009; Pottenger et al., 2009) . In vivo dosing often results in nonlinear serum and tissue kinetics due to complex biokinetic processes, including saturable uptake, metabolism, and clearance. In vitro kinetics can also be complex, as cellular dose is a product of several processes, including binding to proteins, binding to plastic, evaporation, and the interaction between the culture medium and the cells (Blaauboer, 2010) . Further, studies with alkylating agents have provided strong evidence for repair as the mechanism by which threshold behavior for mutagenicity might be achieved (Doak et al., 2007; Johnson et al., 2009; Swenberg et al., 1995; Thomas et al., 2013) .
Although it is not possible to "prove" threshold behavior statistically, it is possible to directly test the linearity of doseresponse curves (Lutz and Lutz, 2009) . Compounds that fail this test are not likely follow the low-dose linearity model. Application of this statistical framework revealed that methyl methanesulfonate has a highly nonlinear response, whereas etoposide and quercetin are more consistent with a linear model. The hypothesis that DNA repair is able to prevent fixed mutation at low concentrations implies that activation of p53 and induction of protective responses (cell cycle arrest, repair protein transcription) would occur at lower concentrations than those required for micronucleus induction. When in-depth dose-response data were compared across endpoints, activation of the p53 transcriptional response did not occur at concentrations below those causing micronucleus formation. In fact, the micronucleus assay was one of the most sensitive endpoints for our three prototype chemicals. Thus, p53 transcriptional response cannot explain the observed threshold behavior with micronuclei for methyl methanesulfonate.
In addition to its transcriptional activity, p53 has a role in non-transcriptional DNA repair (Fig. 1) . p53, together with several other scaffold proteins, kinases, and repair proteins, localizes at the sites of double-strand breaks and forms repair centers (Al Rashid et al., 2005) . These repair centers are able to repair DNA damage prior to any transcriptional activities. Studies with gamma irradiation showed that repair center formation is more efficient at low doses (Neumaier et al., 2011) , a phenomenon that may provide a mechanistic explanation for nonlinear mutagenicity response curves. Non-transcriptional activity of p53 is likely to be more important in repairing low dose, early DNA damage. Our ongoing work now focuses on the role of repair center formation in cellular response to low concentrations of genotoxic chemicals in order to define regions of safety for genotoxicity.
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